Recently, the perovskite solar cells draw lots of attentions because of low cost, solution-processable and promising high efficiency. The power conversion efficiency (PCE) is rapidly reached to a certified value of 20.1%. However, the conventional electron transport layer (ETL) of the device needs to be sintered over 500°C which is high energy-consumption process and cannot use on flexible substrate. Therefore, many research groups endeavor to develop low-temperature solution processable electron transport material in perovskite solar cells. In this review, we present systematic and critical discussions on the evolution of perovskite solar cells from meso-superstructure solar cells (MSSCs) to low-temperature solution processed planar heterojunction (PHJ) perovskite solar cells. This review will provide a guideline for the fabrication of high PCE perovskite solar cell using solution process at temperature of 150°C or under, which has potential to achieve large scale fabrication by roll-to-roll technique for commercial products in near future.
Introduction
In human history, energy always plays an important role in the development of industries and societies. However, the limited reserve of fossil fuel and the risk of radiation leakage of nuclear power urge scientists to find sustainably alternative energy. Solar power is a promising alternative energy because it is inexhaustible and pollution-free. Recently, the organometallic trihalide perovskite solar cell has drawn a lot of attentions by the advantages of tunable absorption range, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] high light absorption coefficient, [12] [13] [14] [15] [16] [17] [18] extremely high power conversion efficiency (PCE) of certified 20.1% 19) and low-temperature solution processability (<150°C). The organometallic trihalide perovskite materials have the chemical formula of ABX 3 (A: organic cation; B: metal cation; X: halide, Cl, Br, or I). The optical and electrical properties can be controlled by changing the composition of A, B, or X. For example, it was reported that by substituting part of I by Cl, the mixed halide CH 3 NH 3 PbI 3−x Cl x perovskite has longer charge carriers diffusion length (over 1 µm) than the triiodide CH 3 NH 3 PbI 3 (about 100 nm). 20) In addition, by replacing the organic cation methylammonium (CH 3 NH 3 ) + of CH 3 NH 3 PbI 3 with a larger formamidinium [CH(NH 2 ) 2 ] + , the band gap can be tuned from 1.57 to 1.48 eV, which shows the structural-dependent property of the organometallic trihalide perovskite materials. 21) The PCE of perovskite solar cell dramatically surged up from 3.81 to 20.1% in recent six years. In 2009, Miyasaka et al. first utilized the CH 3 NH 3 PbI 3 and CH 3 NH 3 PbBr 3 as the sensitizers in the dye sensitized solar cells (DSSCs) technology. 22) The device is composed with a TiO 2 mesoporous structure on a compact TiO 2 layer. The TiO 2 adsorbs the perovskite material and extracts out electrons at the same time. However, the device only achieved the PCE of 3.81%. In 2011, Park et al. demonstrated a perovskite quantum dotsensitized solar cell 23) achieving the PCE of 6.20%, which outperformed the standard N719 dye-sensitized solar cell with much higher current density. However, the liquid electrolyte used here could easily dissolve the perovskite material and decrease the lifetime and stability of the devices. To solve this problem, Park et al. in 2012 developed an all sold-state perovskite-sensitized solar cell by replacing the liquid electrolyte with a small molecule 2,2A,7,7A-tetrakis(N,N-di-4-methoxyphenylamino)-9,9A-spirobifluorene (spiro-OMeTAD) as a hole transport material.
24) The PCE of the devices reached to 9.7% with a long term stability over 500 h.
As stated above, the n-type of TiO 2 mesoporous layer in "perovskite sensitized solar cell" can extract and transport electrons from perovskite material. However, Snaith et al. in 2012 replaced the TiO 2 mesoporous structure with Al 2 O 3 mesoporous structure to fabricate a new device architecture with a PCE of 10.9% and open circuit voltage (V oc ) of 1.1 V. 25) Unlike TiO 2 , the high energy band gap of Al 2 O 3 (about 7 to 9 eV) restricts the transport of photon-induced electrons through Al 2 O 3 mesoporous structure. The electrons can transport through the perovskite material itself to the compact TiO 2 layer and the Al 2 O 3 is only served as a scaffold to adsorb the perovskite material. This type of solar cell with insulating mesoporous scaffold which is not involved in the electron transporting is called "meso-superstructure solar cells (MSSCs)". The MSSCs verifies that the n-type mesoporous material is not necessary in the perovskite based solar cell. Further remove the TiO 2 or Al 2 O 3 mesoporous layer and leave only the compact TiO 2 layer to serve as electron transport layer (ETL) that creates the "planar heterojunction (PHJ) perovskite solar cells". This kind of solar cells significantly simplified the complicated process of fabricating the mesoporous layer without sacrificing the PCE.
Although the PCE of perovskite based solar cell has already surpassed the other thin film solar cells, the hightemperature sintering of high quality metal oxide ETL can damage the flexible substrate. Develop the low-temperature processable perovskite solar cell can extend the selection of transparent electrode. For example, indium tin oxides (ITO) is more conductive than fluorine doped tin oxide (FTO) at the temperature below about 200°C, so it is more applicable in the low-temperature processing than FTO. Other solution processable transparent electrode such as silver nanowire, poly (3,4-ethylenedioxythiophene) :poly(styrene sulfonate) (PEDOT:PSS), carbon nanotube or graphene can also be applied in the low-temperature processing. To date, many research groups are still working on the development of new low-temperature processable materials or new device architectures toward the roll-to-roll process which provides an easy and fast method to scale up the fabrication of the devices. 27) which was the highest record with low temperature solution processable ETL represented in the literature.
In this review, we focus on the recent developments of low-temperature solution processed ETLs in MSSCs and n-i-p PHJ perovskite solar cells which have processing temperature at or under 150°C. Different electron transport materials will be reviewed in detail. Finally, we conclude the review and provide some recommendations for the future development of low-temperature solution processed perovskite solar cells.
Development of electron transport layer in lowtemperature solution processed n-i-p perovskite solar cell
There are two major types of low-temperature solution processed n-i-p structure perovskite solar cells: mesosuperstructure and planar structure. The meso-superstructure consists of Al 2 O 3 -NPs mesoporous scaffold on a TiO 2 compact layer, which is termed MSSCs. On the other hand, the planar structure only consists of compact metal oxide ETL, such as TiO 2 and ZnO. In the following sections, the evolution of MSSCs from the origin high-temperature sintering process toward low-temperature solution processable devices is reviewed. Also, the low-temperature processed electron transport materials in PHJ perovskite solar cells is discussed.
Meso-superstructure solar cells
In the early stage, the Al 2 O 3 mesoporous scaffold and compact layer of MSSCs were sintered over 500°C. [28] [29] [30] However, some research groups successfully developed the new way to fabricate MSSCs at low temperature. The fabrication temperature of the device can be decreased to around 150°C. 26, [31] [32] [33] As a result, we summarize the fabrication temperature, device architecture and device performance of MSSCs that are reported in the literature and are showed in Table I .
The MSSCs were first introduced by the Snaith et al. in 2012. 25) In the perovskite sensitized solar cells system, the TiO 2 mesoporous structure is used to adsorb perovskite material and extract out electrons to the TiO 2 compact layer. However, due to the inappropriate energy level alignment, the electron transporting from perovskite material to TiO 2 mesoporous nanostructure causes an energy loss. The insulating property of Al 2 O 3 in MSSCs blocks the electron transporting through the mesoporous structure. Figure 1 (a) shows the schematic structure and cross-section scanning electron microscope (SEM) image of MSSCs. In this case, the Al 2 O 3 meso-structure can only serve as a scaffold to adsorb perovskite material without participate the electron transporting, as shown in Fig. 1(b) . Therefore, the perovskite material here not only functions as light absorber but also severs as electron transport material at the same time. The photon induced electrons in perovskite material diffuse through its whole layer to the TiO 2 compact layer. The transient photocurrent decay measurement even shows a faster electron transporting of MSSCs than the perovskite sensitized solar cells, as shown in Fig. 1(c) . The reduced energy loss of electron transporting and faster electrons collection efficiency result in a high V oc of 0.98 V and PCE of 10.9%.
Afterward, Snaith et al. found out the incorporation of core-shell Au-doped SiO 2 -NPs into Al 2 O 3 scaffold effectively improves the current density of device. 28) Because the absorption spectrum shows negligible difference between the device with and without core-shell NPs [ Fig. 2(a) ], the photoluminescence (PL) measurement is conducted for thorough investigation. The results show the presence of Au doped SiO 2 -NPs significantly quench the PL, indicating a faster charge separation. Moreover, a temperature-dependent study of PL shows the binding energy of exciton is lowered after the incorporation of Au doped SiO 2 -NPs. The enhanced incident photon-to-current efficiency (IPCE) also proves the improved generation of free charge carriers [Figs. 2(b) and 2(c)]. Finally the modified device can achieve the PCE of 11.4%.
The insulated Al 2 O 3 scaffold mentioned above needs hightemperature sintering over 500°C and it is an energyconsumption process. Therefore, Snaith et al. in 2013 reported a new method to construct the low-temperature mesoporous structure by Al 2 O 3 -NPs, which only needed the thermal annealing temperature at 150°C and the devices can achieve the PCE of 12.3%. 33) At the same year, further improvement of the device architecture was conducted by replacing the high-temperature sintered TiO 2 compact layer with the hydrothermal synthesized TiO 2 -NPs=graphene nanocomposite to fabricate the all low-temperature MSSCs, 34) which only needed 150°C annealing temperature to form a dense TiO 2 ETL. The device has the structure: FTO=TiO 2 -NPs-graphene=Al 2 O 3 nanostructure=perovskite=spiro-OMeTAD=Au. Because of the excellent conductivity of graphene, this all low-temperature perovskite solar cell exhibits better charge collection efficiency than the devices with hightemperature sintered TiO 2 compact layer. Impedance analysis shows this n-type nanocomposite can significantly reduce the series resistance but increases the recombination resistance of device. As a result, the nanocomposite effectively improves the current density and fill factor to achieve the PCE of 16.6%. Snaith et al. also synthesized TiO 2 -NPs by a non-hydrolytic sol-gel route to replace the high-temperature sintered TiO 2 compact layer.
26) The TiO 2 -NPs are dissolved into ethanol solution containing a small amount of titanium diisopropoxide bis(acetylacetonate) (TiAcAc) and spincoated on a FTO substrate. TiAcAc decomposes to bridge the gaps of TiO 2 -NPs during the heat annealing at 150°C and form a compact layer, as shown in Figs. 3(a) and 3(b) . The TiO 2 -NPs layer shows a crack-less coverage with 100 fold higher conductivity than the high-temperature sintered TiO 2 compact layer. The increase of conductivity decreases the depletion width at the interface of FTO and TiO 2 -NPs layer. A lower series resistance of device is also achieved when the depletion width decreases. This all low-temperature processed MSSCs can achieve a PCE of 15.9%.
In a short summary, both Al 2 O 3 -NPs mesoporous scaffold and TiO 2 compact layer can be fabricated at l50°C to demonstrate a high efficiency low-temperature solution processable MSSC. The high-temperature sintered TiO 2 compact layer can be substituted by the low-temperature processed TiO 2 -NPs or graphene-TiO 2 -NPs nanocomposite as a highly conductive and dense ETL. The high PCE of over 16% indicates that the MSSCs are quite appropriate to be fabricated by the all low-temperature process.
Low-temperature processed planar heterojunction perovskite solar cells
In order to simplify the complicated process of fabricating the mesoporous layer, many research groups endeavor to develop the PHJ perovskite solar cells. Some metal oxide nanoparticles, like TiO 2 -NPs and ZnO-NPs, are adopted as the electron transport material because they are low-temperature solution processable, comparable energy level alignment and appropriated conductivity. We summarize the ETL fabrication temperature and the corresponding device performance of the state of the art PHJ perovskite solar cells in the Table II. TiO 2 -NPs thin film is a material of choices for a lowtemperature processed electron transport layer. Yang et al. demonstrated the use of Y-doped anatase TiO 2 -NPs as electron transport material for the fabrication of perovskite solar cell. The conductivity of Y-doped TiO 2 -NPs is increased by one order than the pristine one. In addition, transient photocurrent measurement shows the improvement of carrier transport in the device. The faster photocurrent decay is exhibited in the Y-doping based devices than the reference ones. The result is consistent with PL measurement which indicates a 30% less decay time of perovskite layer on Y-doped TiO 2 -NPs, as shown in Fig. 4(a) . The enhanced electron transport and collection efficiency of Y-doped TiO 2 -NPs significantly improves the current performance [ Fig. 4(b) ]. With other optimized processing conditions, the champion device can be obtained with a PCE of 19.3%. This work shows that the high-temperature sintered compact TiO 2 layer 21, [35] [36] [37] [38] [39] [40] [41] in PHJ perovskite solar cell can be successfully replaced by the low-temperature TiO 2 -NPs layer. Thus, the highest PCE device is achievable using the low-temperature processed ETL. 27, [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] Except for the TiO 2 -NPs, Graztel et al. used a chemical bath deposition method to grow the rutile TiO 2 nanocrystalline as electron transport material on FTO substrate.
42) The growth of rutile TiO 2 was prepared only at 70°C by controlling the concentration of TiCl 4 . An intimate junction of large interfacial area between TiO 2 and perovskite material is observed. The intimate junction facilitates the extracting of electron from the perovskite layer. The PCE of rutile TiO 2 -based device can be improved from 3.7 to 13.7%.
On the other hand, due to the comparable energy levels and superior electron conductivity, ZnO is widely used as an alternative n-type material for high-temperature sintered TiO 2 . For the conventional sol-gel method to prepare ZnO layer, the high-temperature sintering process is required. Chen et al. developed a new way to prepare the sol-gel ZnO layer on ITO substrate without sintering. 43) Meanwhile, they modified the surface by 3-aminopropanioc acid self-assembling monolayer (C 3 -SAM) to fill the pinholes of ZnO layer to improve the morphology of perovskite layer, as shown in Fig. 5(a) . From the X-ray diffraction (XRD) patterns, the more complete conversion of PbI 2 to perovskite material is observed on the modified ZnO compact layer [ Fig. 5(b) ]. Therefore, the light absorption of perovskite layer increases [ Fig. 5(c)] . Besides, the permanent dipole moments of C 3 -SAM can lower the work function of ZnO from 4.17 to 3.52 eV [ Fig. 5(d) ]. The energy level of ZnO becomes more compatible to the lowest unoccupied molecular orbital (LUMO) of perovskite layer. As a result, a better energy band alignment facilitates the carrier extraction and charge generation. In addition, the PL measurement also shows reduced trap states and strengthened electron coupling of perovskite layer [ Fig. 5(e) ]. The suppressed charge recombination and faster charge collection rate are achieved by the C 3 -SAM modification. It provides an effective strategy to improve the short circuit current density (J sc ) from 19.12 to 22.51 mA=cm 2 and the PCE from 11.96 to 15.67%, respectively.
Kelly et al. adopted the ZnO-NPs as electron transport material to fabricate the PHJ perovskite solar cell.
44) The ZnO-NPs were synthesized by the hydrolysis of zinc acetate in methanol and spin-coated on ITO to form a uniform thin film without heat annealing. The advantages of this kind of ZnO-NPs are the elimination of high-temperature sintering process and the achievement of higher electron mobility than that of TiO 2 . The perovskite layer was deposited on the ZnONPs layer by the sequential deposition method. By this annealing free ZnO-NPs ETL, the device can be fabricated by a complete low-temperature solution process. The PCE of the device successfully reaches to 15.7% on the glass=ITO substrate and 10.2% on the PET=ITO substrate.
Except the common spin-coating method, Pauporte et al. fabricated an 11% PCE device with a fast-prepared ZnO layer by an electrochemical technique.
45) The ZnO layer is directly deposited on the ITO by a three-electrode cell in a Zn(NO 3 ) 2 solution. By this novel deposition method of ETL, the time required for preparing the ZnO layer can be significantly decreased to a short time of 2 min at 60°C.
In a short summary, the metal oxides such as ZnO and TiO 2 provide promising and efficient electron transport materials to fabricate the PHJ perovskite solar cells at low temperature. By decreasing the fabrication temperature of ETL, the damage of flexible substrate can be avoided. These developments promote the advancement of perovskite solar cells toward the large scale production by roll-to-roll technique.
Conclusions
We systemically review the state of the art of low-temperature solution processed electron transport layer of the n-i-p perovskite solar cells. The TiO 2 -NPs=graphene nanocomposite, nonhydrolytic and sol-gel route synthesized TiO 2 -NPs are successfully demonstrated that they can replace the hightemperature sintered compact TiO 2 as electron transport material in the MSSCs. For the PHJ perovskite solar cell, an extremely high PCE of 19.3% is achieved with the lowtemperature prepared Y-doped TiO 2 -NPs electron transport material. The material has enhanced conductivity and reduced series resistance. On the other hand, ZnO is another good electron transport material because of the comparable energy level alignment and good conductivity. The PHJ perovskite solar cells with ZnO-NPs or sol-gel prepared ZnO ETL can achieve the PCE over 15%. For the commercialization of perovskite solar cells, the roll-to-roll process is a convenient and cost-effective way to scale up the fabrication of devices. The high-temperature process is not suitable for the fabrication on flexible substrate. As a result, the development of low-temperature solution processes is very critical. So far, scientists have successfully demonstrated that the low-temperature solution processing perovskite solar cells could perform high efficiency on rigid substrate. It implied that the perovskite solar cell has high potential to fabricate on the flexible substrate. Further developments are still required to achieve the fabrication of the flexible solar cells.
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